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Astronauts live and work in relatively crowded, confined environments on the Space Shuttle and the
International Space Station. They experience a unique set of stressors that contribute to a diminishment of
many immune responses. This study investigated the ability of the shuttle crew members’ monocytes to respond
to gram-negative endotoxin that they could encounter during infections. Blood specimens were collected from
20 crew members and 15 control subjects 10 days before launch, 3 to 4 h after landing, and 15 days after
landing and from crew members during their annual medical examination at 6 to 12 months after landing.
When challenged with gram-negative endotoxin, the crew member’s monocytes collected at all three time points
produced lower levels of interleukin-6 (IL-6) and IL-1f3 and higher levels of IL-1ra and IL-8 compared to those
of control subjects. Cytokines were assessed by measuring the number of cells positive for intracellular
cytokines. These values returned to normal 6 to 12 months after landing, except for IL-1ra, which was still
higher (five- to sixfold) than in controls. This phenomenon was accompanied by an increased expression of
Toll-like receptor 4 and decreased expression of CD14 on the crew members’ monocytes at all time points.
There were also increased levels of the lipopolysaccharide binding protein in the plasma of the crew members
3 to 4 h and 15 days after landing. This study shows that spaceflight-associated factors (in-flight and preflight)

modulate the response of monocytes to gram-negative endotoxins.

During spaceflight, astronauts are affected by many unusual
factors, such as microgravity, radiation, physical and mental
stresses, and isolation. Not only is spaceflight associated with
in-flight factors influencing the astronauts, but even before
launch, in preparation for the mission, the astronauts expe-
rience changes in circadian rhythms, rigorous training, and
stresses of anticipation factors. Additionally, confinement
of the crew during flight can and has resulted in the transfer of
microorganisms between crew members (13, 26, 27). All of
these factors are known to affect many physiological parame-
ters of the astronauts, including the immune system (12, 17, 20,
31, 32, 41). Their effects include decreased functions of cells of
the innate immune system, including neutrophils (14, 36),
monocytes (15), and NK cells (17, 21). The innate immune
system initiates the host defense against invading microbes by
specific recognition mechanisms. The family of Toll-like recep-
tors (TLRs) on monocytes have been shown to be involved in
innate immune recognition in response to microbial antigens
(1, 6, 38), such as lipopolysaccharide (LPS), or endotoxin, a
major virulence factor of gram-negative bacteria (29). Tapping
et al. (39) have shown that TLR4 is the predominant signaling
receptor for LPS in human blood. In blood, LPS binds to LPS
binding protein (LBP), which facilitates the transfer of LPS to
CD14 molecules in the CD14-TLR4-MD?2 complex on the cell
membrane of monocytes (11). CD14 plays a key role in trans-
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mitting LPS signals intracellularly, resulting in the production
of cytokines by the monocytes (45). CD14 is also found in the
serum as soluble CD14 (sCD14) and can interact directly with
LPS through LBP and with CD14" cells like endothelial or
epithelial cells to induce cytokine production (40). In the ex-
periments reported here, we studied the effects of factors as-
sociated with spaceflight on the ability of monocytes to respond
to LPS with respect to cytokine expression and expression of
CD14, TLR4, LBP, and sCD14.

MATERIALS AND METHODS

Subjects. This study included 17 male and 3 female astronauts participating in
four shuttle missions lasting 10 to 13 days. The ages of the astronauts ranged
from 38 to 51 years. The control subject group consisted of 11 males and 4
females, in the same age range as the astronauts, who were healthy individuals
not associated with the stresses of spaceflight activities. The controls were part of
the Johnson Space Center’s test subject pool and go through an Air Force class
IIT medical examination prior to participation. The study was approved by the
Johnson Space Center’s Committee for the Protection of Human Subjects.

Sample collection. As a part of each health assessment, blood samples were
collected from all of the subjects in heparinized Vacutainer tubes (Becton Dick-
inson, Mountain View, CA) at 10 days before launch (L—10), 3 to 4 h after
landing (R+0), 3 days after landing (R+3), and 15 days after landing (R+15)
and during their annual medical examination (AME) at 6 to 12 months after the
flight. Blood samples from control subjects were collected to mimic the L—10,
R+0, R+3, and R+15 samples collected from the crew members.

To minimize variability, all of the reagents used in this study had the same lot
number and were read on the same flow cytometer 24 h after processing by the
same operator. The flow cytometer was calibrated with standard beads every
time before the samples were read. These steps were implemented to ensure
confidence in the results obtained, by necessity, on different days. We have shown
that this approach produced excellent reproducibility (P < 0.001) in terms of the
fluorescence intensity that is the endpoint of all of the functional assays per-
formed in this study. The interassay and intra-assay variabilities had coefficients
of variation of less than 15%.
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Staining for surface expression of CD14 and TLRs. Whole blood (0.1 ml) was
incubated with anti-CD14 (BD Biosciences, San Jose, CA) anti-TLR2, and
anti-TLR4 antibodies (eBioscience, San Diego, CA) for 10 min at room tem-
perature. Isotype-matched antibodies were used as controls for nonspecific bind-
ing. Red blood cells were lysed with FACS Lysing Solution (BD Biosciences, San
Jose, CA), and the remaining leukocytes were fixed in 1% paraformaldehyde
(Sigma, St. Louis, MO). The samples were read on a FACScalibur using
CellQuest software, and 100,000 events were collected. Gates were set on the
CD14* cells, and the expression of TLR2 and TLR4 was monitored.

LPS stimulation. One milliliter of whole blood was incubated for 4 h at 37°C
and 7% CO, with either phosphate-buffered saline or 1 wg/ml Escherichia coli
LPS (Sigma Chemical, St. Louis, MO) in the presence of 10 wg/ml brefeldin A
(Sigma Chemical, St. Louis, MO). At the end of the incubation, 100 pl of the
blood was dispensed into four tubes and incubated at room temperature for 10
min with anti-CD14-allophycocyanin. Red blood cells were lysed by incubating
the samples with 2 ml FACS Lysing Solution (BD Biosciences) for 10 min and
permeabilized by incubation for 10 min with 500 wl of FACS permeabilizing
solution (BD Biosciences). Each tube was then incubated for 30 min at room
temperature with one of the following sets of antibodies: immunoglobulin G1
(IgG1)-fluorescein isothiocyanate (FITC) and IgG1-phycoerythrin (PE), inter-
leukin-6 (IL-6)-FITC and IL-8-PE, tumor necrosis factor alpha (TNF-a)-PE, or
IL-1B-FITC and IL-1ra-PE (BD Biosciences). The cells were fixed with 1%
paraformaldehyde and read on a FACScalibur using CellQuest software, and
100,000 events were collected. Gates were set on the CD14" cells, and the
expression of the intracellular cytokines was measured in this population.

sCD14. sCD14 was measured in the plasma of samples obtained from the
control subjects and crew members by using the sCD14 Quantikine enzyme-
linked immunosorbent assay (ELISA) kit from R&D Systems, Minneapolis, MN.
It is a sandwich enzyme immunoassay that uses an anti-sCD14 monoclonal
antibody as the capture antibody and an enzyme-linked polyclonal anti-sCD14
antibody as the detecting antibody.

LBP. LBP was measured in the plasma of controls and crew members with the
ELISA kit from Cell Sciences, Canton, MA. The human LBP kit is a solid-phase
sandwich ELISA. A monoclonal antibody specific for human LBP is used for
capture, and a polyclonal antibody specific for human LBP is used as the de-
tecting antibody.

Statistical analysis. For this study, we wanted to compare (i) the crew mem-
bers to the control subjects, (ii) different sampling times within a group (crew
members or controls), and (iii) sampling times between different groups, i.e.,
between the crew members and controls. For each measurement described
above, a two-way analysis of variance with repeated measures was performed for
values obtained at L—10, R+0, R+3, and R+15 by using SigmaStat software.
Factor A was the group (controls and crew members), and factor B was the
sampling time, which was the repeated measure for each subject. The Holm-
Sidak test was used for multiple comparisons, including pairwise comparisons
and comparisons within a group. Results were reported as statistically significant
in cases where the P value was found to be less than 0.05 with a 95% confidence
interval. The test was performed at a significance level of 0.05. The correlation
ratio or m? (eta squared) was calculated according to the method described by
Pearson (25) and Cohen (7). The value of n? indicates the amount of variability
in the dependent variable that can be explained or accounted for by the inde-
pendent variable. The values obtained at the AME for the crew members were
compared to the aggregated values for the controls at L—10, R+0, and R+3 by
a one-way analysis of variance. We used the pattern of results over the different
functions to point to a meaningful conclusion about the overall effect of space-
flight on cell functions in astronauts.

RESULTS

TLRs. We determined the expression of TLR4 and TLR2 on
the surface of monocytes from crew members and control
subjects at L—10, R+0, and R+15 and during the AME of the
crew members (Fig. 1). As we were not able to get enough of
a blood sample from the crew members at R+3, we were
unable to measure TLR expression at R+3. We observed a
main effect of the group on TLR4 expression, such that com-
pared to controls, all crew members showed an increase in
TLR4 expression at all time points {P = 0.04, 0.03, and 0.004,
respectively, F = 12.79 [degrees of freedom (df) = 1 and 17],
and m? = 0.14}. The effect of different levels of group does not
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FIG. 1. Expression of the TLR4 and -2 on the monocytes of astro-
nauts and crew members at L—10, R+0, R+15, and the AME. SEM,
standard error of the mean.

depend on the level of sampling times. The expression of
TLR4 on the astronauts’ monocytes was significantly lower at
R+0 compared to the values at L—10 and R+15. At the AME,
the levels of TLR4 on crew members’ monocytes were the
same as the control subject levels, which did not vary signifi-
cantly over the sampling times. Due to the large range of TLR4
at L—10 and R+15, the expression of TLR4 on crew members’
monocytes also did not differ significantly between these two
sampling times.

We did not see a main effect of the group on the expression
of TLR2, as it did not differ significantly between controls and
crew members (P = 0.127, F = 2.5 [df = 1 and 17], and > =
0.032). In addition, no significant difference in the expression
of TLR2 was observed at different sampling times for either
the control group or crew members. The effect of different
levels of the group depends on the sampling time.

Expression of CD14. We observed a main effect of the group
on the expression of CD14 such that the monocytes of crew
members expressed significantly lower levels of CD14 com-
pared to those of controls at L—10, R+0, R+3, and R+15
(P < 0.001, F = 76.48 [df = 1 and 33], and n? = 0.435) (Fig. 2).
We were not able to get enough blood samples from the crew
members at R+15 and were not able to measure the expression
of CD14 on the crew members’ monocytes at R+15. The effect of
different levels of group does not depend on the level of sampling
times. However, 6 to 12 months after landing, during their AME,
the expression of CD14 on the crew members’ monocytes re-
turned to levels similar to those of controls. There was no differ-
ence in the expression of CD14 on the monocytes of control
subjects over the different sampling times, as was also observed in
the case of the crew members.

Intracellular cytokines (Fig. 3). (i) IL-6. We did not see a
main effect of the group on IL-6. The IL-6 expression in mono-
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FIG. 2. Expression of CD14 (mean fluorescence intensity) on the
monocytes of astronauts and crew members at L—10, R+0, R+3,
R+15, and the AME. An asterisk indicates that the values for the crew
members are significantly different from the control values.

cytes of crew members and controls differed over time, with
crew members’ values showing lower expression at L—10 and
R+0 and not other time points (P < 0.01 and 0.04, respec-
tively, F = 17.37 [df = 1 and 33], and n* = 0.15). At other
sampling times (R+3, R+15, and the AME), the level of IL-6
produced by monocytes of crew members was similar to that of
controls. When comparing the IL-6 produced by monocytes of
crew members at different sampling times, there was a signif-
icant difference between the levels of IL-6 at R+0 and L—10
and at R+3 and L—10 (P = 0.006 and 0.003, F = 4.06 [df = 2
and 66], and m* = 0.058). There was no difference between
levels of IL-6 at R+0 and R+3. The amount of IL-6 produced
by the monocytes of control subjects in response to LPS did not
vary significantly between different sampling times.

(ii) IL-8. The effect of different levels of group was depen-
dent on the sampling time. IL-8 expression on monocytes of
crew members and controls differed over time, with crew mem-
bers showing greater expression at R+0 and R+3 (P = 0.004,
F = 2.64 [df = 1 and 33], and * = 0.036) and not other time
points. At L—10, R+ 15, and the AME, the astronauts’ mono-
cytes produced levels of IL-8 in response to LPS comparable to
those of control subjects. Looking at the time effect for crew
members, the levels of IL-8 produced by the monocytes of crew
members changed significantly between L—10 and R+0 (P =
0.002), L—10 and R+3 (P = 0.021), R+0 and R+15 (P =
0.01), and R+3 and R+15 (P = 0.014). That is, the IL-8 values
at landing and 3 days after landing were significantly higher
than those at L—10 and R+15. The control subjects produced
similar levels of IL-8 in response to LPS at various sampling
times.

(iii) IL-1ra. We observed a main effect of the group on
IL-1ra, such that the monocytes of crew members produced
significantly higher IL-1ra levels than those of controls at all
time points (P = <0.001, F = 74.5 [df = 1 and 33], and n? =
0.39). The level of IL-1ra produced by the crew members’
monocytes was lowest at L—10 and did not return to the base-
line, even 6 to 12 months after landing (at the AME). The mono-
cytes of control subjects produced similar amounts of the cy-
tokine IL-1ra at different sampling times in response to LPS.

(iv) IL-1B. IL-1pB expression on monocytes of crew members
and controls differed over time, with crew members producing
lower IL-1B levels at L—10, R+0, and R+3 and not at other
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FIG. 3. LPS-stimulated alterations in the number of cells express-
ing intracellular cytokines among monocytes collected from crew
members and control subjects at L—10, R+0, R+3, and R+15 and
from crew members at the AME. The response is expressed in terms
of the number of monocytes expressing the particular cytokine. An
asterisk indicates that the values for the crew members are significantly
different from the control values. SEM, standard error of the mean.

time points (P = <0.001, 0.005 and 0.007, respectively, F =
21.23 [df = 1 and 33], and n* = 0.23). At R+15, the crew
members’ monocytes were able to produce normal levels of
IL-1B and did so at the AME also. There was no significant
difference in the amounts of IL-1B produced by the crew mem-
bers’” monocytes at L—10, R+0, and R+3.

(v) TNF-a. For TNF-a, we did not observe any main effect,
such that there were no differences in the levels of TNF-a
produced by the controls and crew members at any of the time
points tested in response to LPS (P = 0.858, F = 0.03 [df = 1
and 33], and m* = 0.0003).

sCD14. sCD14 levels were measured in the plasma of con-
trols and crew members. We did not observe a main effect for
the group, as there was no difference in the levels of sCD14
present in the plasma of controls and crew members at any of
the sampling times studied (data not shown).

LBP. Plasma LBP levels of crew members and controls dif-
fered over time, with crew members showing greater expres-
sion at R+0 and R+15 and not other time points, such that at
R+0 and R+15, there was an increase in the LBP levels in the
plasma of crew members (P = 0.002, F = 4.79 [df = 1 and 33],
and m? = 0.08) and the levels returned to the baseline at the
AME (Fig. 4). Even at L—10, the LBP levels in the plasma of
crew members were similar to those of controls. The mean
LBP level in the plasma of controls was 14.5 pg/ml, and there
was no statistically significant difference in the values at the
three sampling times. Plasma samples from crew members at
R+3 were not available.
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FIG. 4. LBP levels in plasma collected from crew members and
control subjects at L—10, R+0, and R+15 and from crew members at
the AME.

Effects of gender, age, and other factors. Although the sam-
ple numbers were small, special attention was given to statis-
tical analyses of all of the data to look for trends based on
gender and other factors. Statistical analysis of the data
showed no association of the changes observed with age, gen-
der, mission duration, flight experience, mission role (such as
pilot), or flight event (such as a space walk).

DISCUSSION

Our previous studies have shown that spaceflight alters the
functions of both neutrophils and monocytes, leading to a
decreased ability to phagocytize bacteria and generate an ox-
idative burst (14, 15). The functions of the crew members’
monocytes and neutrophils were altered even at L—10, vali-
dating our finding that L—10 was not a suitable baseline time
point. Similar findings have been reported by Stowe et al. (35),
who observed a significant increase in Epstein-Barr virus cap-
sid antigen antibodies and a decrease in anti-Epstein-Barr vi-
rus nuclear antigen antibodies in astronauts at L—10. In the
weeks prior to a flight, the crew members go through rigorous
training, medical examinations, and isolation during the last 10
days, when their circadian rhythm may be adjusted to the flight
schedule. Anticipation before the flight plus other physiologi-
cal and psychological factors can cause modulations in the
immune system. Thus, for this study, we collected blood sam-
ples from crew members 6 to 12 months after a spaceflight,
during their AMEs. Monocytes obtained during this sampling
time displayed functional levels very similar to those of low-
stress control subjects in all cases, except for the increased
expression of IL-1ra in response to LPS, which did not return
to baseline levels, even at the AME. These functional levels
were used as baseline (low-stress) values. Also, the whole-
blood assays used in this study rule out the chance of activating
the monocytes, as is seen when purified monocytes are used for
experiments (34).

There have been various reports of increases or decreases in
the number of monocytes after a spaceflight (20, 22, 37, 42).
Similar to our findings of decreased expression of CD14 on the
surface of the crew members’ monocytes, Crucian et al. re-
ported no change in the absolute number of monocytes but saw
a decrease in the percentage of CD14" CD16" cells (8). The
decreased expression of CD14 and the increased expression of
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TLR4 on the monocytes of crew members in our present study
may be the cause of altered responsiveness of the crew mem-
bers’ monocytes to LPS, as LPS responsiveness is dependent
on the physical association of the LPS/CD14-TLR4-MD2 com-
plex, without which signal transduction does not occur (10, 23).
Bihl et al. (3) have shown that transgenic mice overexpressing
TLR4 have a survival advantage early during infection, as these
mice lived longer after salmonella infection. However, these
mice also developed an excessive inflammatory response to
LPS during the later stages of infection. Dziarski and Gupta
(9) have shown that when monocytes were stimulated with
gram-negative or gram-positive cell wall components, the IL-8
gene was the most strongly induced chemokine gene. This
involves the association of MD2 with both TLR2 and TLR4.
The increased expression of IL-8 seen in the astronauts at R+0
and R+3 could be a result of signaling through the TLR4
transduction cascade. IL-8, a chemoattractant cytokine, can
then induce migration of leukocytes from the circulation to
tissues (30). Altered responses of crew members’ monocytes to
LPS could also be a result of increased levels of LBP in their
plasma. Acute-phase LBP has been shown to have a protective
effect against LPS and bacterial infections and may represent a
defense mechanism against infections (18, 44). LBP provides a
shift in the balance of the LPS-directed dual actions of the
protein disfavoring proinflammatory cell activation and clear-
ance of LPS via major cellular and systemic pathways by bind-
ing to high-density lipoprotein complexes (44). Thus, the in-
creased expression of TLR4 and LBP in crew members may be
a pathway their immune systems adopt while adapting to the
spaceflight environment. While increased levels of sCD14 have
been shown to decrease the monocytes’ response to LPS by
transferring cell-bound LPS to plasma lipoproteins (16), the
lack of change in sCD14 in these crew members suggests that
this is not a likely mechanism.

Spaceflight also altered the ability of the crew members’
monocytes to produce cytokines in response to LPS. IL-1 is an
important cytokine of the innate immune system, and it regu-
lates the functions of the adaptive immune system (2). In-
creased levels of IL-1 lead to inflammation, stimulation of
cells, and initiation of the transcription of proinflammatory
genes for IL-6 and IL-8. The balance between IL-1B and its
receptor antagonist IL-1ra influences the possible develop-
ment of inflammation. Under normal physiological conditions,
high levels of IL-1ra are produced to functionally inhibit the
biological effects of IL-1. This also occurred in the crew mem-
bers in this study. The increased expression of IL-8, a chemoat-
tractant for neutrophils, results in increased demargination of
the neutrophils. Chapes et al. (5) observed monocytopenia in
rats aboard a shuttle mission lasting 8 days. Resident macro-
phages of these rats secreted higher TNF-a levels in response
to LPS and staphylococcal enterotoxin B compared to the
ground controls. Also, monocytes of rats subjected to simu-
lated weightlessness showed a decrease in the expression of
TNF-a in response to LPS (43). After exercise, monocytes
produced less TNF-a and IL-la in response to LPS (33).
Monocytes of subjects exposed to a cold environment also
produced less TNF-a and IL-1B and increased amounts of IL-6
and IL-1ra (28). Similar effects were seen in elderly humans,
whose monocytes produced decreased levels of IL-1B and
TNF-a in response to LPS (4). The effects observed in the
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astronauts are different than those observed in the above-
mentioned models, suggesting that factors associated with
spaceflight are different than those influencing other models.
Spaceflight is a unique stress model impacted consistently or
intermittently by myriad stresses, including anxiety, psychoso-
cial conflict, physical stress (e.g., spacewalks), high g forces at
launching and landing, sleep deprivation, increased radiation,
and physiological changes (decreased plasma volume, shifts in
body fluids, and altered pharmacodynamics). Complete dupli-
cation of stressors that can be encountered during spaceflight
cannot be duplicated in ground models. It is also difficult to say
which factors were responsible for which changes seen in the
functions of the crew members’ monocytes, as many factors
exert their effects simultaneously. Also, as the stress hormones
are dependent on circadian rhythms and the landing time is
different for each shuttle mission, the stress hormone levels in
the samples obtained after landing are not a true representa-
tion of the stress level, and hence we did not report the levels
of stress hormones. Furthermore, in this and our previous
studies (14, 15), we found that prior experience, the type of
in-flight activity, gender, or age did not influence the intensity
of changes observed in the immune functions. In one of our
previous studies, we showed that the modulation in the
functions of neutrophils was dependent on the length of the
mission (14), whereas the functions of the monocytes were
not (15).

Nickerson et al. (24) and Lynch et al. (19) have shown that
microorganisms cultured in microgravity analogs increase their
resistance to several environmental stressors, such as high os-
molarity and high acidity. Nickerson et al. (24) observed that
the enhanced virulence of Salmonella enterica serovar Typhi-
murium grown under modeled microgravity did not involve
increased expression of many genes implicated in the virulence
of this bacterium. Rather, many genes known to be involved in
virulence were expressed at a lower level, including genes in-
volved in LPS production. S. enterica serovar Typhimurium
grown under modeled microgravity also possessed about half
as much LPS as the controls. These studies, along with the
findings of our present study, indicate that further research
into both host and pathogen responses needs to be conducted
to determine if the risk of infectious disease may be altered
during spaceflight.

Taken together, the present study and our previous descrip-
tions of human neutrophil and monocyte function modulation
by spaceflight (14, 15) indicate that there is indeed a modula-
tion of crew members’ phagocytes’ responses to a bacterial or
endotoxin challenge. Since these may affect the crew members’
ability to fight infections and/or heal from any wounds sus-
tained during their time in space, the mechanisms of this im-
pairment and possible ways to counteract the latter need fur-
ther exploration.
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